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Abstract
BACKGROUND—The mechanism of sinoatrial node (SAN) dysfunction in atrial fibrillation
(AF) is unclear.
OBJECTIVE—The purpose of this study was to test the hypothesis that defective spontaneous
sarcoplasmic reticulum (SR) Ca2+ release (Ca2+ clock) is in part responsible for SAN dysfunction
in AF.
METHODS—Arrhythmic events and SAN function were evaluated in pacing-induced AF dogs (n
= 7) and in normal dogs (n = 19) with simultaneous intracellular calcium (Cai) and membrane
potential recording.
RESULTS—AF dogs had frequent sinus pauses during Holter monitoring. Isolated right atrium
(RA) from AF dogs showed slower heart rate (P = .001), longer SAN recovery time (P = .001),
and longer sinoatrial conduction time (P = .003) than normal. In normal RAs, isoproterenol 0.3
and 1 μmol/L increased heart rate by 96% and 105%, respectively. In contrast, in RAs from AF
dogs, isoproterenol increased heart rate by only 60% and 72%, respectively. Isoproterenol induced
late diastolic Cai elevation (LDCAE) at superior SAN in all 19 normal RAs but in only 3 of 7 AF
RAs (P = .002). In AF RAs without LDCAE (n = 4), heart rate increased by the acceleration of
ectopic foci. Caffeine (20 mmol/L) injection increased heart rate with LDCAE in all 6 normal RAs
but did not result in LDCAE in any of the 5 AF RAs (P = .002). Type 2 ryanodine receptor
(RyR2) in the superior SAN of AF dogs was decreased to 33% of normal (P = .02).
CONCLUSION—SAN dysfunction in AF is associated with Ca2+ clock malfunction,
characterized by unresponsiveness to isoproterenol and caffeine and down-regulation of RyR2 in
SAN.
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Introduction
Atrial fibrillation (AF) is associated with significant electrophysiologic and structural
remodeling1 and often is associated with sick sinus (tachybrady) syndrome.2,3 In dogs,
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persistent (>2 weeks) rapid atrial pacing and chronic AF resulted in sinoatrial node (SAN)
dysfunction, as evidenced by prolongation of SAN recovery time (SNRT) and decreases in
intrinsic heart rates.4 Comparable data in humans have been reported.2,5,6 Furthermore,
successful catheter ablation of AF may be followed by significant improvements in SAN
function.3 These findings suggest that rapid activation during AF can cause reversible
impairment of SAN. However, the cellular mechanism of SAN dysfunction in AF remains
unclear. Spontaneous diastolic depolarization of SAN cells periodically initiates action
potentials to set the rhythm of the heart. The mechanism of spontaneous diastolic
depolarization traditionally has been attributed to a “voltage clock” mechanism, mediated by
voltage-sensitive membrane ion currents, such as the hyperpolarization-activated pacemaker
current (If).7,8 Recently, the “Ca2+ clock” has been proposed as a complementary
mechanism of SAN automaticity.9–14 The Ca2+ clock is mediated by rhythmic spontaneous
sarcoplasmic reticulum (SR) Ca2+ release, which in turn activates Na+/Ca2+ exchanger
current (INCX) and causes diastolic depolarization.9–14 Using simultaneous membrane
potential (Vm) and intracellular calcium (Cai) mapping, our laboratory recently
demonstrated that acceleration of the Ca2+ clock in the superior SAN plays an important role
in sinus acceleration during beta-adrenergic stimulation, interacting synergistically with the
membrane clock in an isolated, Langendorff-perfused right atrium (RA) model.15 The aim
of the present study was to evaluate Cai dynamics in intact SANs of dogs with pacing-
induced AF by using simultaneous Vm and Cai mapping. The results were used to test the
hypothesis that a defective Ca2+ clock underlies the mechanism of SAN dysfunction in a
canine model of pacing-induced AF.
Methods
All animal study protocols were approved by the Institutional Animal Care and Use
Committee of Indiana University School of Medicine and the Methodist Research Institute.
Pacing-induced AF was produced in 7 adult mongrel dogs (weight 25–30 kg) using
previously described techniques.4 Ambulatory Holter recordings were obtained for 48 hours
in dogs numbered 3 through 7. The dogs then were continuously paced at an atrial rate of
640 bpm for at least an additional 16 days (mean 21 ± 4 days, range 16–26 days) before
sacrifice (Figure 1).
We studied isolated RA from 7 dogs with pacing-induced AF. The results were compared
with results from 19 normal dogs. The data from 11 of the 19 normal dogs were included in
a report published previously.15 To assess SAN function, SNRT and corrected SNRT
(cSNRT) were determined in isolated RAs. Simultaneous Vm and Cai mapping was
performed using previously described techniques.15 After dual Vm and Cai optical mapping
of baseline spontaneous heart beats, pharmacologic intervention was performed. These
interventions included isoproterenol infusion of 1 μmol/L in all RAs and a bolus injection of
2 mL caffeine (20 mmol/L) in 7 normal and 5 AF dog RAs. The heart rate response to
isoproterenol (0.01, 0.03, 0.1, 0.3, 1, 3, 10 μmol/L) was tested in 7 normal and all 7 AF RAs.
Expression levels of type 2 ryanodine receptor (RyR2), sarcoplasmic reticulum Ca2+-
ATPase 2a (SERCA2a), and phospholamban were evaluated in superior SAN of normal and
AF dogs.
Data are expressed as mean ± SEM. Student’s t-tests with Bonferroni correction were used
to compare the means of two numeric values. Pearson Chi-square tests were used to
compare two categorical variables. The repeated-measures analysis of variance model was
used to compare isoproterenol-induced heart rate response between AF and control dogs. P
<.05 was considered significant. An expanded methods section is available in the Online
Data Supplement.
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Results
Evidence of atrial arrhythmia in vivo
In all rapid atrial pacing dogs, the development of spontaneous AF was confirmed by
interrogation of the pacemaker during the monitoring period. Figure 2A shows an episode of
AF obtained by interrogation of the implanted atrial pacemaker during the monitoring
period. The average number and duration of spontaneous AF were 4.2 ± 2.4 times and 211.8
± 325.6 minutes during the monitoring period for 24 hours, respectively. One of the 5 AF
dogs had persistent AF during Holter monitoring. In the remaining 4 dogs, Holter
monitoring documented 16 ± 23 paroxysmal AF episodes (mean duration 9 ± 20 minutes).
During sinus rhythm, AF dogs had 347 ± 319 (range 4–634) episodes of prolonged sinus
pauses (>3 seconds) with a mean duration of 3.3 ± 0.7 seconds.
Evidence of atrial arrhythmia in vitro
All 7 AF dogs developed spontaneous AF during the second surgery, whereas none of the 19
normal dogs developed AF (P = .001). AF was terminated spontaneously during
Langendorff-perfusion in 6 RA preparations from AF dogs. Cardioversion was needed in
one AF RA. After termination of AF, RAs from AF dogs had slower heart rates (72 ± 13
bpm vs 96 ± 16 bpm; P = .001), longer SNRT (1,180 ± 234 ms vs 935 ± 170 ms; P = .02),
and longer cSNRT (344 ± 98 ms vs 203 ± 72 ms; P = .003) than did those from normal dogs
(Supplementary Figure 1A). Action potential duration measured to 90% repolarization
(APD90) was significantly shorter in AF dogs than in normal dogs (196 ± 23 ms vs 290 ± 40
ms; P = .001; Supplementary Figure 1B). SAN conduction time (SACT) was calculated
based on the method proposed by Narula et al16 and was found to be longer in AF dogs than
in control dogs (179 ± 49 ms vs 112 ± 39 ms; P = .003).
Baseline leading pacemaker site of RAs from normal dogs (n = 19) was located at inferior
and middle SANs in 8 and 11 dogs, respectively. RAs from AF dogs (n = 7) had inferior and
middle SANs as the leading pacemaker site in 4 and 3 dogs, respectively. The distribution of
baseline leading pacemaker site showed no difference between AF and normal dogs (P = .
67). None of the AF dogs showed late diastolic Cai elevation (LDCAE) at baseline, whereas
4 (21%) normal dogs showed small LDCAE at inferior SAN (P = .55).
Impaired heart rate response to beta-adrenergic stimulation in AF dogs
Figure 3 shows the isoproterenol dose–response curve of heart rate obtained from RAs of 7
normal and 7 AF dogs. In normal dogs, isoproterenol dosages of 0.3 and 1 μmol/L increased
heart rate to 152 ± 32 bpm (96%) and 161 ± 20 bpm (105%), respectively. In contrast, the
heart rate of AF dogs during isoproterenol infusion increased to only 116 ± 31 bpm (60%)
and 125 ± 24 bpm (72%), respectively. Compared with normal dogs, heart rate during
isoproterenol infusion was slower in AF dogs, with a rightward shift of the heart rate
response curve (P = .03).
Impaired LDCAE of SAN after beta-adrenergic stimulation in AF dogs
Figure 4 shows the typical isoproterenol response of RAs from normal dogs. Isoproterenol
infusion of 0.3 μmol/L increased heart rate to 168 bpm (97%) from 86 bpm and shifted the
leading pacemaker site to superior SAN (Figure 4C(a)). A robust LDCAE (arrows in Cai
tracing of Figure 4C(b)) occurred at the leading pacemaker site of superior SAN. This
finding was consistently observed in all 19 normal RAs during isoproterenol infusion.
However, only 3 of 7 RAs from AF dogs showed LDCAE and a shift of the leading
pacemaker site during isoproterenol infusion (P = .002).
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Figure 5 shows the isoproterenol response pattern in 4 of 7 AF RAs without LDCAE.
During isoproterenol infusion of 0.3 μmol/L, heart rate increased to 95 bpm from 70 bpm.
After increasing the isoproterenol dose to 1.0 μmol/L, heart rate was increased by
acceleration of the ectopic focus from inferior RA (Figure 5C(a)). The Cai tracing showed
no LDCAE anywhere in the mapped region with isoproterenol dose ranging from 0.01 to 10
μmol/L (Figure 5C(b)).
Figure 6A shows the isoproterenol response pattern observed in 3 AF RAs that had LDCAE
transiently. LDCAE was observed at the mid SAN during isoproterenol infusion of 0.1
μmol/L (arrows in Cai tracing of Figure 6A(b)). With the increase of isoproterenol, LDCAE
disappeared. The leading pacemaker sites shifted to inferior RA (Figure 6A(c)).
Impaired LDCAE after caffeine injection in AF dogs
Figure 6B(a) shows the typical caffeine response in normal RA. Caffeine injection increased
heart rate to 171 ± 21 bpm (by 101%) from baseline of 86 ± 10 bpm and shifted the leading
pacemaker site to superior SAN with concomitant LDCAE (arrows in Figure 6B(a)) in all 6
normal dogs. However, caffeine did not result in LDCAE or a shift of the leading pacemaker
site in any of the 5 AF dogs (P = .002). Caffeine increased heart rate to 137 ± 18 bpm (99%)
from baseline of 69 ± 10 bpm. There was an acceleration of ectopic focus from inferior RA
(Figure 6B(b)) during caffeine injection. Mean maximum heart rate after caffeine injection
was higher in normal dogs than in AF dogs (P = .02).
Leading pacemaker sites during heart rate acceleration
Figure 7 shows the origin of heart rhythm during acceleration of heart rate in each of the 7
AF RAs. In 4 AF RAs without LDCAE, heart rate was increased by acceleration of the
ectopic focus or inferior SAN (black arrow in Figure 6A). In contrast, 3 AF RAs showed
heart rate increase with transient LDCAE at mid SAN (red arrows in Figure 7B). Further
increase of isoproterenol dosage moved the leading pacemaker sites to either inferior SAN
or ectopic foci outside the mapped region.
Impaired LDCAE, Cai upstroke, and Cai relaxation in AF dogs
The slope of LDCAE at superior SAN progressively increased with higher doses of
isoproterenol in normal dogs but was significantly impaired in AF dogs. We designate the
maximum amplitude of Cai as 1 arbitrary unit (AU) (Figure 4A). During isoproterenol
infusion, the slope of LDCAE of normal dogs increased from 0 AU/s to 2.0 ± 1.1 AU/s and
2.9 ± 1.3 AU/s at heart rates of 120–139 bpm and 140–159 bpm, respectively. In contrast,
the slope of LDCAE of AF dogs increased from 0 AU/s to only 0.3 ± 0.8 AU/s (P = .001)
and 0.5 ± 0.5 AU/s (P = .001), at the same respective heart rate, during isoproterenol
infusion (Figure 8A(a)).
The slope of the Cai upstroke at the superior SAN was significantly lower in AF dogs than
in normal dogs at baseline (7.9 ± 2.3 AU/s vs 12.2 ± 3.8 AU/s; P = .02) and during
isoproterenol infusion (Figure 8A(b)).
Compared to normal dogs, superior SANs from AF dogs showed significantly longer 90%
Cai relaxation time at baseline (420 ± 83 ms vs 265 ± 44 ms; P = .001). During isoproterenol
infusion, the 90% Cai relaxation time of normal SANs decreased to 179 ± 23 ms and 153 ±
14 ms at heart rates of 120–139 bpm and 140–159 bpm, respectively. In contrast, the 90%
Cai relaxation time of AF SANs decreased to only 207 ± 25 ms (P = .02) and 188 ± 29 ms
(P = .003), at the same respective heart rate, during isoproterenol infusion (Figure 8A(c)).
Data on LDCAE, Cai upstroke, and 90% Cai relaxation time measured from middle SAN,
inferior SAN, and RA are presented in Supplementary Figure 2.
Joung et al. Page 4
Heart Rhythm. Author manuscript; available in PMC 2011 January 1.
N
IH
-PA Author M
anuscript
N
IH
-PA Author M
anuscript
N
IH
-PA Author M
anuscript
RyR2, SERCA2a, and phospholamban in SAN of normal and AF dogs
After optical mapping experiments, expression of RyR2, SERCA2a, and phospholamban at
SAN was determined. In AF dogs, expression of RyR2 in the superior SAN was decreased
to 33% of normal dogs (P = .02), whereas SERCA2a expression level remained unchanged
at 100% ± 9% (P = .90; Figure 8B(a)). Expression of phospholamban in AF dogs was
reduced to 71% ± 8% of normal dogs (P = .41; Figure 8B(b)).
Discussion
Major findings
A major finding of this study is that isoproterenol-induced LDCAE is severely impaired in
the superior SAN of AF dogs. These changes were associated with significantly reduced
RyR2 expression in the superior SAN. Due to an inability to develop LDCAE in the superior
SAN, acceleration of heart rate was impaired and the superior SAN could not serve as the
leading pacemaker site. These findings suggest that a defective Ca2+ clock at the superior
SAN is in part responsible for SAN dysfunction in this canine model of pacing-induced AF.
Impaired SAN function in AF
AF-induced remodeling of ionic currents in the atrium has been well documented.17,18
Typical electrophysiologic remodeling in AF includes APD shortening, down-regulation of
L-type Ca2+ channel (ICa,L) caused by atrial cardiomyocyte Ca2+ loading,19,20 down-
regulation of Ito,21 and up-regulation of IKACh and IK1.17,18 The ionic current remodeling
could reduce the slope of phase 0, hyperpolarize Vm, and reduce heart rate. However, the
mechanism of tachycardia-induced SAN dysfunction is unclear. Yeh et al22 recently
reported that If down-regulation may contribute to the association between SAN dysfunction
and supraventricular tachyarrhythmias. However, normal functioning SAN depends not only
on membrane ionic currents but also on rhythmic Ca2+ releases from the SR.9–12,14
Compared with normal SANs, AF SANs did not exhibit spontaneous LD-CAE upon
isoproterenol infusion, suggesting impaired spontaneous SR Ca2+ release. Caffeine, which
induces SR Ca2+ release, results in LDCAE and heart rate acceleration in normal but not in
AF dogs. In contrast to normal intact SANs whose isoproterenol response depends primarily
on the ability of the superior SAN to increase LDCAE,23 the heart rate of AF dogs was
increased by acceleration of ectopic foci or inferior SAN. These findings indicate that, in
addition to abnormal membrane ionic currents (the “membrane clock”), dogs with AF have
significant impairment of the Ca2+ clock in the SAN. The abnormal membrane and Ca2+
clocks both are responsible for SAN dysfunction in AF. SACT was also depressed in this
model, which supports the presence of SAN dysfunction in this model.
RyR2 and SAN function
This study demonstrated that the slope of LDCAE during beta-adrenergic stimulation was
much shallower in AF than in normal RAs, suggesting that spontaneous SR Ca2+ release is
impaired in AF RAs. Coupled with our observation of lower expression of RyR2 in superior
SAN from AF dogs, these results suggest that down-regulation of RyR2 contributes to
impaired spontaneous SR Ca2+ release, thus reflecting a defective Ca2+ clock mechanism in
SAN. This conclusion is consistent with several studies that linked RyR2 dysfunction to AF
and SAN dysfunction.23–25 Patients with a genomic deletion of RyR2 exon 3 developed
catecholaminergic polymorphic ventricular tachycardia with SAN dysfunction, AF, and
atrial standstill.23 Lower expression level of RyR2 mRNA in atrial tissue from chronic AF
patients has been reported.24 It also has been reported that AF may cause
hyperphosphorylation of RyR2 in the atria.25 The hyperphosphorylation may prevent further
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RyR2 phosphorylation during isoproterenol infusion, resulting in impaired SR Ca2+ release
to isoproterenol.
Impaired response to caffeine
This study found that caffeine failed to increase Cai in dogs with AF. These findings may be
explained by depletion of SR, depletion of SR Ca2+ content, and/or reduced RyR2 on the
SR. Ausma et al26 reported that AF initially causes Cai overload. However, after the initial 2
weeks of AF, the sarcolemma-bound Ca2+ gradually declined to a level below that at
baseline. The authors suggested that persistent Ca2+ overload causes structural adaptation of
chronic AF characterized by depletion of contractile filaments and the SR. The loss of SR
could impair Cai elevation after caffeine, whether or not the Ca2+ content in the remaining
SR is normal or depleted. Biochemical studies of changes in expression level of Ca2+
handling proteins in AF are inconsistent, depending on age, duration of AF, and variability
of experimental conditions.18 This study using a canine model of pacing-induced AF
demonstrated normal SERCA2a and down-regulation of RyR2. These changes may not be
applicable to all AF models or to humans. Because rapid pacing is needed to induce AF in
this model, these changes may be related to rapid atrial rates due to either rapid pacing or
AF. Nonetheless, reduced RyR2 is consistent with impaired Cai elevation after caffeine.
Study limitations
Because optical action potentials collected from the canine three-dimensional SAN contain
contributions from the surface and intramural layers, including the SAN, they represent a
weighted average of transmembrane action potentials throughout the entire canine atrial
wall.27,28 However, this effect was not obvious in our study. The discrepancy can be
explained by the different mapping technique used. The canine SAN is located at the
epicardial side and is covered by a thin fibrous membrane.15,29 The SAN can be dilated
more than 1 mm during the perfusion state.30 Because the depth of penetration of optical
mapping is only 1 to 2 mm, the effect of a different mapping technique may be more
obvious during SAN mapping. The high spatial resolution (0.35 × 0.35 mm2 per pixel) of
the camera allowed us to study optical signals of the SAN with little contamination from
neighboring sites. In contrast, a recent study by Fedorov et al28 used a 16 × 16 photodiode
array to acquire signals from both epicardial and endocardial sites. Due to the difference in
spatial resolution, the signals registered in those studies are more likely to be a mixture of
SAN and the surrounding atrial structures. Therefore, a notch was consistently observed in
their study, but a notch on the optical signal was not observed in this study. In addition, the
effect of the double layer was mainly observed after phase 0 activation of RA, our
observation of LDCAE was located before phase 0 activation of RA. Finally, despite
identical imaging parameters, the same sites that did not exhibit LDCAE under basal
conditions developed LDCAE after isoproterenol infusion.
The temperature of the tissue was maintained at 36.5° to 37°C without superfusion.
Hypothermia alone can induce Ca2+ overload and SAN dysfunction. However, because the
experimental condition was same between the control and AF groups, we believe the
temperature difference cannot explain the SAN dysfunction and impaired Cai release in AF
dogs.
The ectopic foci were outside the mapped field. Therefore, we do not know if Ca2+ clock
malfunction was also present in the ectopic (latent) pacemakers. Ca2+ handling protein
studies were limited by the short supply of RA tissues. Although the endocardial half of
SAN tissue was removed, the remaining tissue still contained both pacemaking cells and
non-SAN cells. Therefore, our results might have underestimated the abnormality of the
ryanodine receptor changes of the SAN cells. In particular, the insufficient amount of tissue
Joung et al. Page 6
Heart Rhythm. Author manuscript; available in PMC 2011 January 1.
N
IH
-PA Author M
anuscript
N
IH
-PA Author M
anuscript
N
IH
-PA Author M
anuscript
prevented us from performing detailed biochemical assays to determine the Ca2+-ATPase
activity of SERCA2a and phosphorylation status of RyR2 and phospholamban.
Conclusion
SAN dysfunction in AF is associated with Ca2+ clock malfunction characterized by reduced
SR Ca2+ release and down-regulated RyR2 in the superior SAN. These findings suggest that
a defective Ca2+ clock is a mechanism of SAN dysfunction in a canine model of pacing-
induced AF.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS
AF atrial fibrillation
APD action potential duration
cSNRT corrected sinoatrial node recovery time
LDCAE late diastolic Cai elevation
RA right atrium
RyR2 type 2 ryanodine receptor
SACT sinoatrial node conduction time
SAN sinoatrial node
SERCA2a sarcoplasmic reticulum Ca2+-ATPase 2a
SNRT sinoatrial node recovery time
SR sarcoplasmic reticulum
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Figure 1.
Experimental protocol for induction of atrial fibrillation.
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Figure 2.
Atrial fibrillation and sinoatrial node dysfunction in vivo. A: Stored atrial electrogram
(EGM) showing atrial fibrillation. B: Sinus pauses documented by Holter monitoring. (a)
Sinus pause of 5.2 seconds during ventricular pacing at 90 bpm. (b) Sinus pause of 7
seconds during ventricular pacing at 50 bpm. p = P wave.
Joung et al. Page 11
Heart Rhythm. Author manuscript; available in PMC 2011 January 1.
N
IH
-PA Author M
anuscript
N
IH
-PA Author M
anuscript
N
IH
-PA Author M
anuscript
Figure 3.
Impaired isoproterenol-induced heart rate increase in right atria (RA) from atrial fibrillation
(AF) dogs. Isoproterenol dose–response curve was determined for 7 normal and 7 AF dogs.
Compared to normal RA (squares), AF RA (circles) showed significantly impaired heart
rate increase during isoproterenol infusion (P = .03).
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Figure 4.
Isoproterenol response of normal dogs. A: Epicardial photographs of perfused right atrial
(RA) preparation with 35 × 35-mm optical field of view. B: Baseline. C: Isoproterenol
infusion of 0.3 μmol/L. (a) RA Vm isochronal map. (b) Cai (red) and Vm (blue) tracings
from superior (S), mid (M), and inferior (I) sinoatrial nodes. Note heart rate increase and
shifting of the leading pacemaker site to the superior sinoatrial node with robust late
diastolic Cai elevation (arrows). The unit of numbers on the RA Vm isochronal map is
milliseconds. Earliest activation of the RA was considered as 0 ms. IVC = inferior vena
cava; RAA = right atrial appendage; SVC = superior vena cava.
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Figure 5.
Complete absence of late diastolic Cai elevation in atrial fibrillation dogs during
isoproterenol infusion. A: Epicardial photograph of a perfused right atrial (RA) preparation
with 35 × 35-mm optical fields of view. B: Baseline. C: Isoproterenol infusion of 1.0 μmol/
L. (a) RA Vm isochronal map. (b) Cai (red) and Vm (blue) tracings from superior (S), mid
(M), and inferior (I) sinoatrial nodes. Late diastolic Cai elevation was not observed at any
dosage of isoproterenol infusion. The unit of numbers on the RA Vm isochronal map is
milliseconds. Earliest activation of the RA was considered as 0 ms. IVC = inferior vena
cava; RAA = right atrial appendage; SVC = superior vena cava.
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Figure 6.
A: Transient late diastolic Cai elevation (LDCAE) in atrial fibrillation (AF) dogs during
isoproterenol infusion. (a)–(c) show isoproterenol infusion of 0.03, 0.1, and 1.0 μmol/L,
respectively. (a) Note isoproterenol-induced LDCAE at mid sinoatrial node (arrows) during
isoproterenol infusion of 0.1 μmol/L. (c) Rhythm was generated from the inferior right
atrium (RA). B: Complete absence of LDCAE in AF dogs during caffeine bolus injection.
(a) Caffeine response in normal RA. Note increase of heart rate and superior shift of the
leading pacemaker site with robust LDCAE (arrows). (b) Caffeine responses in AF RA.
There was no LDCAE from the sinoatrial node. Heart rate was increased by acceleration of
ectopic focus. Upper panels show RA Vm isochronal maps. Lower panels show Cai (red)
and Vm (blue) tracings from superior (S), mid (M), and inferior (I) sinoatrial nodes,
respectively. The unit of numbers on the RA Vm isochronal map is milliseconds. Earliest
activation of the RA was considered as 0 ms. RAA = right atrial appendage; SVC = superior
vena cava.
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Figure 7.
Origin of heart rhythm during acceleration of heart rate in each of the seven right atria (RAs)
from atrial fibrillation (AF) dogs. A: AF RA without late diastolic Cai elevation (LDCAE)
(n = 4). Note heart rate increase by acceleration of ectopic foci or inferior sinoatrial node
(SAN) (black arrow). B: AF RA with transient LDCAE (n = 3). Note heart rate increase by
LDCAE from mid SAN (red arrow). ISO = isoproterenol.
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Figure 8.
Impaired sarcoplasmic reticulum Ca2+ handing in atrial fibrillation (AF) dogs. A:
Comparison of (a) slope of late diastolic Cai elevation (LDCAE), (b) slope of Cai upstroke,
and (c) 90% Cai relaxation time measured from the superior sinoatrial node between normal
and AF dogs at baseline and isoproterenol infusion. Responses after isoproterenol infusion
are grouped by heart rate. B: Comparison of (a) sarcoplasmic reticulum Ca2+-ATPase 2a
(SERCA2a) and ryanodine receptor (RyR) and (b) SERCA2a and phospholamban (PLB) at
the superior sinoatrial node between normal and AF dogs. Upper and lower panels show
representative immunoblot and relative values, respectively.
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